'Cell-based' models provide a powerful computational tool for studying the mechanisms underly-11 ing the growth and dynamics of biological tissues in health and disease. An increasing amount of 12 quantitative data with cellular resolution has paved the way for the quantitative parameterisa-13 tion and validation of such models. However, the numerical implementation of cell-based models 14 remains challenging, and little work has been done to understand to what extent implementation 15 choices may influence model predictions. Here, we consider the numerical implementation of a 16 popular class of cell-based models called vertex models, used extensively to simulate epithelial 17 tissues. In two-dimensional vertex models, a tissue is approximated as a tessellation of polygons 18 and the vertices of these polygons move due to mechanical forces originating from the cells. We 19 analyse how the model predictions may be affected by implementation-specific parameters, such 20 as the size of the numerical time step. We find that vertex positions and summary statistics 21 are sensitive to multiple implementation parameters. For example, the predicted tissue size de-22 creases with decreasing cell cycle durations, and cell rearrangement may be suppressed by large 23 time steps. These findings are counter-intuitive and illustrate that model predictions need to be 24 thoroughly analysed and implementation details carefully considered when applying cell-based 25 computational models in a quantitative setting. 26 1 1 Introduction 27
(1) and (2) become
where x i , A α , A 0,α , l i,j and P α denote the rescaled i th vertex positions, the rescaled area and cells. The new edge is drawn along the short axis of the polygon that represents the mother 172 cell [48] . The short axis has been shown to approximate the division direction (cleavage plane) 173 of cells in a variety of tissues [52] , including the Drosophila wing imaginal disc [53] . The short 174 axis of a polygon crosses the centre of mass of the polygon, and it is defined as the axis around 175 which the moment of inertia of the polygon is maximised. Each daughter cell receives half the 176 target area of the mother cell upon division. 177 Applying this cell cycle model, we let the tissue grow for n d = 4 generations. Each cell of 178 the last generation remains in the quiescent phase of the cell cycle until the simulation stops.
179
We select the total simulation time t tot = 27, 000, unless specified otherwise. 3 Results
190
In this section, we analyse how the model behaviour depends on implementation parameters.
191
Vertex models are typically used to predict summary statistics of cellular packing and growth, We analyse the dependence of the summary statistics on the cell cycle duration, t l , in that the forces on nodes can vary strongly across the tissue. The force magnitudes change 247 throughout the simulation, and they peak at a value that is 50% higher than the final values. Occurrence of cell rearrangements is regulated by rearrangement threshold 290 We further analyse the dependence of vertex positions and summary statistics on the T1 transi-291 tion threshold, l T1 . Similar to the time step convergence analysis we define a series of decreasing 292 values of l T1,i and the error function converge and varies between values of 1 and 10 3 . Only for l T1 < 10 −3 is the error function (7) 297 smaller than one for some simulations. However, for such small values of l T1 , many simula- When two boundary cells overlap, the simulation procedure attempts to merge the vertex with 320 its closest cell boundary. This procedure fails because the identified boundary is internal to the 321 tissue rather than a boundary interface. The tissue configuration in the last time step before simulation failure contains two vertices that appear to be merged due to a short edge on the tissue boundary. The short edge is indicated by an arrow (A) and magnified for the penultimate (B) and final time step (C) of the simulation.
Since the the short edge in the penultimate time step is prevented from rearranging, the two adjacent boundary cells intersect each other, leading to failure of the simulation.
Simulation results are robust to variation in length of newly formed edges. All further simulation parameters are listed in table 1.
341
The value of the error function, on average, is small in figure 9 . However, the error function scheme is used to propagate vertex positions, whereas a force-based approach is used here. A 384 major difference between the two approaches is the fraction of cells in the tissue that are allowed 385 to divide concurrently. In our implementation, up to one third of the cells undergo cell-growth at any given time, whereas in previous implementations all cells grow and divide sequentially.
